Introduction
Increasing miniaturization of semiconductor devices toward nanometer scale will result in serious problems, such as short channel effects and high power consumption, in the near future. Quantum effect devices, such as a single electron transistor (SET), have been extensively studied to overcome the limitation. In a SET, quantum dots (QDs) and tunnel junctions are the key structures; however, it is very difficult to realize the consistent performance of SETs because the size controllability of the key structures is very hard to achieve simultaneously. Additionally, a SET with a single QD has shown a stability problem in Coulomb blockade due to the cotunneling effect 1 . Recently, multi-QD SETs, such as 2-dimension-QDs, have been proposed to overcome this problem 2, 3 . On the other hand, the fabrication process must prevent defects on the structures because loss of even only one electron will result in malfunction in SET operation.
To overcome the problem in the fabrication process mentioned above, we have developed a novel silicon nanodisk structure 4 that was fabricated by a bio-nano-process, which combines the ferritin supramolecules and neutral beam (NB) etching 5 . The nanodisk structure shows a quantum effect with staircase characteristics even at the room temperature, and the staircase width is strongly dependent on the thickness of a single nanodisk, while it is independent of the diameter 6 . Because of such characteristics, quantum confinement determined by the nanodisk thickness and the tunneling probability determined by gap between nanodisks could be controlled independently in a 2-dimentional array of nanodisks (2D nanodisk array).
In this study, we fabricated a device with a 2D nanodisk array, which combines the concept of multi-QD SETs and our developed nanodisks.
Experiment
The details of bio-template process of single nanodisk fabrication was described in elsewhere 4, 7 . Figure 1 (a) shows a schematic diagram of the fabrication process of the 2D nanodisk array. (i) A 100-nm-thick thermal oxide was formed in the step; (ii) a 4-nm-thick a-Si film was deposited and then annealed in N 2 atmosphere to form a poly-Si film (the nanodisk thickness was controlled by changing poly-Si thickness.) a 3-nm thickness SiO 2 film was grown on the poly-Si film by our developed neutral beam oxidation process (NBO) 8 (hereafter, the film is called NBO SiO 2 ); (iv) a 2-dimensional ferritin array was fabricated or arranged on the NBO SiO 2 ; (v) the ferritin protein shell was removed by heat treatment in O 2 atmosphere to obtain an iron core (7 nmφ) inside the ferritin as an etching mask; (vi) an etching process was carried out by the combination of the NF 3 gas and hydrogen radical (NF 3 treatment) and NB etching. Both NF3 treatment and NB etching are dry processes to selectively remove NBO SiO 2 and poly-Si, respectively. Details of this etching process were described elsewhere 6 . (vii) after the etching processes, iron cores were removed by hydrochloric acid. A device was fabricated by depositing two aluminum electrodes with a space of 100, 120, and 140 nm on the 2D nanodisk array. Figure 1(b) shows the schematic diagram of the device. For the comparison, we also fabricated two more devices as shown in Figure 2 . One has a SiO 2 film and the other has a poly-Si film instead of the 2D nanodisk array.
I-V measurements were performed for the devices to investigate the lateral tunneling of the 2D nanodisk array. Then, we also measured the response signals of the 2D nanodisk array by applying pulse signals. Figure 3 shows an I-V curve of the device by applying voltage between Al electrodes at room temperature. The device with SiO 2 film shows no current and the one with poly-Si film shows very high current. On the other hand, a nonlinear current was observed from the 2D nanodisk array device due to its quantum confinement and tunneling of electrons. Figure 4 shows a channel length (=space between Al electrodes) dependence on the I-V curve of the 2D nanodisk array device. As the channel length increases, the current decreases because of increasing of tunnel resistance. Figure 5 shows the temperature dependence of I-V curve. As shown in Figure 5 (a), as the temperature decreases, the current decreases because of the decline of tunneling probability. Furthermore, the device could work as a quantum effect device even at high temperature (≤373K) as shown figure 5(b) . It indicates that a device with 2D nanodisk array could be a very practical quantum effect device due to the wide operation temperature. Figure 6 (a) shows that a response signal by applying a pulse input signal. 2D nanodisk array converted a pulse signal into an analog signal with decay, or a decay curve was observed which indicates that the input pulse signal could be converted into an analog signal. This may be because of carrier hopping resulting from the quantum confinement and the tunnel effect in the 2D nanodisk array. Additionally, because of its decay characteristic, continuous inputs of pulse signals at a short interval brought about adding up of output signals as shown in figure 6 (c). By using these characteristics, we believe that the 2D nanodisk array will be able to be applied to new functional devices such as spiking neuron devices 9 .
Results and discussion

Conclusions
In summary, quantum effects of a device with a 2D nanodisk array could be observed at wide range of temperature, which results from the tunneling and the quantum confinement effect in it. We also measured a response signal (I-t curve) by applying a pulse signal and an analog signal was obtained. Additionally, the analog signals could be added up because of its decay characteristic. The tunnel gap between nanodisks was fixed at 3 nm and the space between Al electrodes was about 120 nm. (b) (c) Figure 6 . Response signals (I-t curve) for the input pulse signals. 
